Recently, a series of single wall carbon nanotube (SWNT) polyimide nanocomposites were developed since the demand of electroactive polymeric materials as sensors and actuators for use in high temperature applications has been growing. Adding SWNTs into electroactive polyimides enhanced their electrostrictive strain as well as their mechanical integrities and chemical stability. Although an increase in piezoelectricity resulting from the incorporation of SWNTs could be expected, there has been no systematic study detailing the effect of SWNTs on piezoelectricity. In this article, the effects of various types and concentrations of SWNT on the dipole orientation and piezoelectricity were investigated using a thermally stimulated current (TSC) technique and a modified Rheovibron. It was found that the barely modified SWNTs led to a more substantial increase in the remanent polarization (P r ) than the highly modified SWNTs did. As the loading level of SWNTs increased, P r increased. However, excessive loading of SWNTs showed a reduction in P r since the actual poling field decreased due to a large leakage of current. The trend of the piezoelectric strain coefficient, d 31 , was consistent with that of P r . The increase in interfacial polarization caused by adding SWNT was believed to be primarily responsible for the increase of P r and d 31 .
Introduction
Electroactive polymeric materials have been studied extensively during the last two decades for use in a variety of applications including electromechanical sensors and actuators, ultrasonic transducers, loudspeakers, sonars, medical devices, prosthetics, artificial muscles, and devices for vibration and noise control. [1] [2] [3] As compared to electroactive ceramics and shape memory alloys, electroactive polymeric materials offer a unique combination of qualities because they are lightweight, conformable, and tough. Recently, we have developed a series of amorphous piezoelectric polyimides containing polar functional groups based on molecular design and computational chemistry, for potential use as sensors in high temperature applications. [4] [5] [6] One of these, an electroactive polymer containing a single nitrile group, (β-CN)APB/ODPA polyimide, retains more than 50% of its room temperature remanent polarization at 150 • C for 500 h while maintaining its impressive mechanical characteristics. 7 The piezoelectric response of this polyimide is, however, an order of magnitude smaller than that of polyvinylidene fluoride (PVDF). This is due to the fact that the dipoles in the polymer do not align along the applied electric field efficiently because of limited chain mobility within the imidized closed ring structure. To increase the piezoelectric response of these polymers, synthesis of new polymers with various monomers 6 and control of the poling process 7 were reported.
In this article, we report the effect of types and concentrations of SWNT on the dipole orientation of the (β-CN)APB/ODPA polyimide by analyzing the thermally stimulated current (TSC) spectra. Also, a discussion of the piezoelectric properties measured using a modified Rheovibron will be addressed.
Experimental

Materials
The SWNT/(β-CN)APB/ODPA polyimide (SWNT/polyimide) nanocomposite was prepared by in situ polymerization under sonication and mechanical shear (Fig. 1) . The (β-CN)APB/ODPA polyimide was synthesized as a matrix from a diamine, 2,6-bis(3-aminophenoxy) benzonitrile ((β-CN)APB), and a dianhydride, 4,4'-oxydiphthalic anhydride (ODPA). The purified HiPCO (HighPressure CO Conversion)-SWNTs were purchased from Carbon Nanotechnologies, Inc. and used as received. The surface modified SWNTs, P2-and P3-SWNTs were obtained from Carbon Solution, Inc. and used as received. The P2-and P3-SWNTs were treated with a strong acid moderately and highly, respectively. The detailed information of SWNTs used in this study is summarized in Table 1 . The concentrations of SWNT in the polyimide varied from 0 wt% to 0.2 wt%. The complete synthetic procedure is described in detail elsewhere. 8 The uniform thickness (about 50 µm) of composite films was controlled by a solution cast technique on a glass plate with a doctor's blade. Sample dimensions for measurements are described in the characterization section.
Poling procedure
Film specimens were poled using a conventional poling procedure in an environmental oven. conventional poling procedures have been described elsewhere. 9
Characterization
Raman scattering spectra were obtained using an Almega TM dispersive visible Raman spectrometer (Thermo Nicoltet). A 785-nm incident laser light excitation with a 25-µm-slit aperture was used and the laser beam was focused on the sample using an optical microscope. Low excitation laser power (10 mW) was used to minimize heating of the samples, since heating often caused a downshifting in the observed peaks. The dielectric constant and the AC conductivity of the pristine polyimide and the SWNT nanocomposites were measured using an HP 4291A impedance analyzer and a Novocontrol system as a function of frequency. Disk-shaped films (25.4 mmdiameter) were employed for the AC measurements. The DC conductivity was measured with a Keithley 6517 electrometer and a Keithley 8009 high resistance test fixture. Square films (10 cm × 10 cm) were used for the DC conductivity measurement.
The remanent polarization (P r ) was measured as a function of temperature, after poling. The sample was a 10 mm × 10 mm film shape. As the sample was heated through its glass transition temperature (T g ) at a heating rate of 10.0 • C/min, the depolarization current was measured using a Setaram TSC-II. The remanent polarization (P r ), equal to the charge per unit area, was derived by integrating the current with respect to time and plotting it as a function of temperature. This is given by,
where q is the charge, A is the electrode area, I is the current, and t is the time. Piezoelectric strain coefficient, d 31 , was measured using a modified Rheovibron. Rectangular film specimens were used with the dimension of a 30 mm × 5 mm. The sample was subjected to in-plane stress (1-direction or length direction), F/wt, resulting in charge, q, through the film thickness (3-direction or out-of-plane direction). The piezoelectric strain coefficient was calculated according to the following equation:
where q is charge, w is the width of the sample, l is the length, F is applied force and t is the thickness. The coefficient d 31 was measured at 1 Hz and as a function of temperature from 25 • C to 150 • C.
Results and Discussion
To study the effect of SWNT type and concentration on dipole orientation and piezoelectric properties of an electroactive polyimide, three types of SWNTs were dispersed into the polyimide and processed into free-standing films. As shown in Table 1, the HiPCO-SWNTs were subjected to a mild acid treatment for purification and annealed to heal the damaged nanotube surface. However, the P2-and P3-SWNTs were treated with a strong acid moderately and highly, respectively, resulting in modification of the nanotube surface chemistry and electrical conductivity. The electronic nature of the different types of SWNTs was examined using Raman spectroscopy. Figure 2 presents the Raman spectra of the SWNT nanocomposites ((a) HiPCO, (b) P2, and (c) P3 nanocomposites). Noticeable differences among the spectra are observed at the peaks of their tangential G (at ∼ 1590 cm −1 ) and radial breathing modes (RBM) (at ∼ 200 cm −1 ). The spectrum of 0.1 wt% HiPCO nanocomposite displays sharp peaks of the SWNT tangential G mode and the radial breathing modes. [10] [11] [12] Whereas, these peaks are weaker for the P2 and P3 nanocomposites. The smaller peak of the tangential mode indicates that some of the sp 2 electron orbital structure partially converted to sp 3 electron orbital structure due to the acid treatment. SWNTs with less sp 2 structure are known to have lower electrical conductivity due to a drastic reduction in their delocalized π-electron density and higher fluorescence. The greater slopes toward the low wavenumber in Figs. 2(b) and 2(c) are associated with fluorescence. 10, 13 Conversely, SWNTs with fewer sp 3 electron orbitals are known to have higher electrical conductivity and less fluorescence since they behave like nonradiative channels during the electron excitation process. 14,15 Through the nonradiative channels, the electrons excited by photons transfer to adjacent conduction bands rather than to the unexcited states to emit fluorescence. In addition, from the RBM peaks in Fig. 2 , the nanotube diameter (D) can be estimated by the following equation of RBM frequency (ω):
where the proportionality constant, α = 248 cm −1 nm was used. 11, 12 The diameter of HiPCO-SWNT (∼ 0.92 nm) was smaller than those of P2-and P3-SWNTs (∼ 1.44 nm and ∼ 1.48 nm, respectively) since the SWNTs were prepared by different methods as noted in Table 1 . It was also important to note that SWNTs with smaller radii were more readily destroyed during the acid treatment than those with larger radii.
Significant differences in the electrical conductivity and the dielectric constant of the SWNT nanocomposites were observed as shown in Fig. 3 .
The AC electrical conductivities of the pristine polyimide and the 0.2 wt% P3 nanocomposite were linear as a function of frequency on a logarithmic scale. This linear correspondence is typical for insulators and indicates that the percolation threshold for the P3-SWNT was not achieved at this concentration. Conversely, the AC conductivities of 0.2 wt% P2 and 0.2 wt% HiPCO nanocomposites were much higher. The constant conductivity for a 
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broad range of frequencies for these nanocomposites shown in Fig. 3(a) indicates that the percolation threshold was exceeded thus rendering the materials conductive. The nanocomposite with SWNTs with minimal acid treatment exhibited higher conductivities, which is consistent with the Raman spectra in Fig. 2 .
The effect of SWNTs on the dielectric constant of the nanocomposites showed a similar trend to that of the SWNTs on the conductivity as shown in Fig. 3(b) . The dielectric constant of the nanocomposites decreased with increasing degree of surface treatment. In particular, the 0.2 wt% HiPCO nanocomposite showed a large increase in the dielectric constant at a relatively low frequency (ε ∼ 6900 at 5 Hz). This increase is indicative of the presence of interfacial polarization. [16] [17] [18] [19] Interfacial polarization occurs when charges accumulate at the interfaces between inclusions and the host matrix. This leads to field distortion and gives rise to dipole moments. This effect is prevalent at low frequencies since the dipole relaxation time of this type of polarization is large. In our system, there were abundant nanotube polymer interfaces, which results in significant interfacial polarization. This interfacial polarization was believed to be responsible for the increase in the dielectric constant. The dielectric constant of the HiPCO nanocomposite was higher than those of highly acid-treated SWNT nanocomposites accordingly. Figure 4 shows the conductivity and the dielectric constant of the nanocomposites with 0.02 wt% SWNTs. The addition of a small amount of SWNT moderately increased the conductivity and dielectric constant of the nanocomposite, with the HiPCO-SWNT showing the highest as expected. Since the concentration of SWNTs was very low (0.02 wt%), percolation was not achieved. Figure 5 shows the electrical conductivity and the dielectric constant of the P3 nanocomposites as a function of nanotube concentration. Both conductivity and dielectric constant of the nanocomposites increased with increasing SWNT concentration. All the samples even up to 0.2% of P3-SWNT exhibited nonconducting nature below percolation. Note that a typical volume fraction (φ c ) of the percolation threshold of HiPCO (highly conductive SWNTs) nanocomposite was less than 0.06%. 20, 21 Because P3-SWNT was highly modified with the acid treatment and consequently less conductive, the nanocomposite incorporated with even 0.2 wt% P3-SWNT also fell below the percolation threshold. An inset in Fig. 5(a) shows the DC electrical conductivity of P3 nanocomposites as a function of nanotube concentration. Even though these nanocomposites remained below percolation up to 0.2 wt% concentration, the conductivities increased with increasing P3-SWNT concentration over five times of the magnitude of the conductivity of the pristine polymer. Figure 5(b) shows the effect of the concentration of SWNTs on AC dielectric constant as a function of frequency. The dielectric constant increased gradually with increasing P3-SWNT concentration reached over 4 at a 0.2 wt% P3-SWNT concentration. To study the effect of SWNT type on the polarization and piezoelectric properties, the nanocomposites were poled. Previous work with the pristine polyimide has shown that optimal poling conditions are achieved at T p (poling temperature) = T g + 5 • C and t p (poling time) of 30 min. For the SWNT nanocomposites, it was necessary to optimize poling field strength, E p . An electric field of 60 MV/m was used for the pristine polyimide. It was necessary to lower the electric field strength for the SWNT nanocomposites to avoid dielectric breakdown. Using TSC, the remanent polarization (P r ) was calculated according to Eq. (1), which is shown in Fig. 6(a) . 22, 23 The P r of pristine polyimide was 4.7 mC/m 2 . To examine the relative effect of the types of SWNTs on P r , the measured P r values were normalized by the poling field. As shown in Fig. 6(b) , the normalized P r of all the SWNT nanocomposites was higher than that of the pristine polyimide. Moreover, the more conductive SWNTs (less acid treatment) resulted in higher remanent polarization. The normalized P r of 0.02 wt% HiPCO nanocomposite was 58% higher than that of the pristine polyimide. The piezoelectric strain coefficients, d 31 , are shown in Fig. 7(a) as a function of temperature for the SWNT nanocomposites. The d 31 increased slightly with increasing temperature due to a decrease in the modulus. The P3-SWNT, the least conductive SWNT, was employed for the study of SWNT concentrations. Figure 8 shows the remanent polarization (P r ) calculated from TSC of P3 nanocomposites. The normalized P r increased with increasing SWNT content to show a maximum P r value at 0.1 wt% of SWNT, and decreased with further loading of SWNTs (Fig. 8(b) ). The decrease in the P r above 0.1 wt% P3 nanocomposite originated from a lower actual poling field due to a high leakage of current. The normalized P r of the 0.1 wt% P3 nanocomposite was 30% higher than that of the pristine polyimide. Similarly, the normalized d 31 shown in Fig. 9 increased more than 20% than that of the pristine polyimide. The increase in P r and d 31 appear to be due to the higher dipolar orientation resulting from the interfacial polarization of the SWNT nanocomposite. Figure 10 shows a cyclic measurement of d 31 of the HiPCO nanocomposite as a function of temperature up to 150 • C. The d 31 values did not change after even three cycles, which indicated that the dipolar orientation was very stable at high temperatures up to 150 • C. Therefore, the SWNT nanocomposites can be a good candidate for high temperature applications.
Conclusion
The effect of degree of the acid treatment on the conductivity and dielectric properties of nanocomposites were studied. Both conductivity and dielectric constant decreased with decreasing sp 2 nature of the SWNTs caused by acid treatment. The effect of the SWNT type and concentration on the dipole orientation and piezoelectric properties of the electroactive polymide was studied by measuring the thermally stimulated current (TSC) and the piezoelectric strain coefficient. The normalized P r of the SWNT/polyimide nanocomposites decreased with increasing degree of the acid treatment. The normalized P r increased with increasing SWNT concentration to show a maximum value at 0.1 wt% of SWNT loading and decreased with further loading of P3-SWNTs. The trend of the piezoelectric strain coefficient, d 31 , was consistent with that of P r . The higher dipole orientation resulting from the interfacial polarization of the SWNT/polyimide nanocomposite appeared to be the origin of the increase of P r and d 31 . From the cyclic piezoelectric measurement at a high temperature, it was found that the SWNT nanocomposites possess very thermally stable piezoelectric properties, applicable for high temperature devices.
